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Abstract

Regulation of expression of HTLV-1 gene products from integrated proviruses plays an important 

role in HTLV-1-associated disease pathogenesis. Previous studies have shown that T cell receptor 

(TCR)- and phorbol ester (PMA) stimulation of chronically infected CD4 T cells increases the 

expression of integrated HTLV-1 proviruses in latently infected cells, however the mechanism 

remains unknown. Analysis of HTLV-1 RNA and protein species following PMA treatment of the 

latently HTLV-1-infected, FS and SP T cell lines demonstrated rapid induction of tax/rex mRNA. 

This rapid increase in tax/rex mRNA was associated with markedly enhanced tax/rex mRNA 

stability while the stability of unspliced or singly spliced HTLV-1 RNAs did not increase. Tax/rex 
mRNA in the HTLV-1 constitutively expressing cell lines exhibited high basal stability even 

without PMA treatment. Our data support a model whereby T cell activation leads to increased 

HTLV-1 gene expression at least in part through increased tax/rex mRNA stability.
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1. Introduction

The human T cell leukemia virus type 1 (HTLV-1) was the first discovered human retrovirus 

and is the causative agent of adult T cell leukemia/lymphoma (ATL) and HTLV-associated 

myelopathy/tropical spastic paraparesis (HAM/TSP) (Gallo, 2005; Yoshida, 2005). HTLV-1 

infects an estimated 5–10 million people worldwide (Gessain and Cassar, 2012; Goncalves 

et al., 2010). Approximately 2%–6% of HTLV-1-infected individuals develop ATL, a 

devastating malignancy of CD4 T cells, generally after a prolonged period (20–60 years) of 

clinical latency [reviewed in (Iwanaga et al., 2012; Yasunaga and Matsuoka, 2007)]. 

HAM/TSP has been estimated to occur in 5%–10% of infected patients with recent studies 

suggesting neurological symptoms can be seen in > 30% of patients over an eight year 

follow-up (Tanajura et al., 2015). HAM/TSP is associated with expansions of both infected 

CD4 T cells and activated CD8 T cells [reviewed in (Araya et al., 2011; Nagai and Osame, 

2003)]. The pathogenesis of both ATL and HAM/TSP remains unclear, particularly with 

respect to the factors that determine whether infected individuals develop disease, the 

determinants of the disease phenotype, and the events that occur during the clinically latent 

period.

HTLV-1 infects primarily CD4 T cells. As with other retroviruses, the HTLV-1 genome 

integrates into host DNA. Following integration, infected cells can undergo a productive 

infection with generation of progeny virus, or can enter a state of low or no virion 

production (i.e. viral latency) [reviewed in (Carpentier et al., 2015)]. The existence and 

nature of HTLV-1 latency has been somewhat controversial. The continued induction of high 

levels of anti-HTLV-1 cytotoxic T lymphocyte (CTL) response, particularly directed against 

the HTLV-1 Tax transactivator protein as well as the HBZ protein, is evidence that there is 

significant production of viral antigens even during clinically quiescent periods. The strong 

CTL response has been argued to be responsible for the lack of evidence of viral gene 

expression in blood (Asquith et al., 2000). On the other hand, at any given time, the number 

of cells bearing the HTLV-1 genome exceeds the number of cells in which viral RNA 

species and viral proteins can be detected (Gessain et al., 1991; Hollsberg, 1999). Even a 
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brief period of ex vivo culture is sufficient to detect markedly increased HTLV-1 expression 

in cells (Hanon et al., 2000). By analogy with HIV and other retroviruses, these data suggest 

that a significant number of HTLV-1 infected cells are latently infected in vivo. Furthermore, 

considerable DNA sequencing data show that the major route of HTLV-1 expansion in vivo 
is proliferation of preexisting infected T cells, rather than the de novo infection of new T 

cells. This also suggests that active production of infectious virions is not the major 

contributor to HTLV-1 pathogenesis (Gillet et al., 2011; Wattel et al., 1995). Finally, a 

number of groups have isolated and characterized CD4 T cell lines derived from HTLV-1 

infected patients that express either no or only very low levels of HTLV-1 RNA and proteins 

constitutively (Lin et al., 1998; Richardson et al., 1997), suggesting that such latently 

infected cells also exist in vivo. Development of disease however appears to require Tax 

expression (Nomura et al., 2004; Peloponese et al., 2007; Yamagishi and Watanabe, 2012), 

at least in the early stages. Thus, activation of HTLV-1 expression from latently-infected 

cells and escape from the CTL response would likely be essential steps in HTLV-1 disease 

pathogenesis. A key question is how does HTLV-1 expression become activated in latent/low 

level-expressing, infected T cells?

The regulation of HTLV-1 gene expression is complex and involves both cellular and virally-

encoded regulators. In particular, the viral Tax gene product, required for HTLV-1 

transformation of CD4 T cells [reviewed in (Matsuoka and Jeang, 2011)], is a transcriptional 

activator of the HTLV-1 long terminal repeat (LTR), as well as of thousands of cellular genes 

(Ng et al., 2001). Tax has been extensively studied and transactivates the LTR by binding to 

cyclic AMP response element binding protein (CREB/ATF) family members [reviewed in 

(Kashanchi and Brady, 2005)], recruiting transcriptional coactivators including CBP and 

p300, and clearing occluding nucleosomes from the HTLV LTR (Lemasson et al., 2006; 

Nyborg et al., 2010). HTLV-1 gene expression is also controlled at the RNA level through 

the effects of the HTLV-1 Rex protein, which promotes nuclear export of unspliced and 

singly spliced RNAs (Baydoun et al., 2008; Nakano and Watanabe, 2012), and through the 

effects of p30 which inhibits nuclear export of tax/rex mRNAs (Anupam et al., 2013; Younis 

et al., 2006). The sum of these effects is early expression of the Tax and Rex proteins due to 

early export of tax/rex mRNAs, with later expression of structural and enzymatic proteins 

(Baydoun et al., 2008; Cavallari et al., 2013; Hidaka et al., 1988; Li et al., 2009). Important 

roles for the HTLV-1 anti-sense encoded gene, HBZ, have also been proposed (Barbeau and 

Mesnard, 2011; Matsuoka and Jeang, 2011; Mesnard et al., 2006). HBZ inhibits Tax-

induced activation of the 5′LTR through inhibiting interactions with CREB proteins and 

CBP (Clerc et al., 2008; Gaudray et al., 2002; Lemasson et al., 2007), antagonizes the 

senescence-inducing properties of Tax (Zhi et al., 2011), which potentiates viral persistence 

(Arnold et al., 2006) and cellular proliferation (Arnold et al., 2008; Satou et al., 2006). Thus, 

the interplay of Tax, Rex, and HBZ is essential for transformation and disease progression 

(Matsuoka and Yasunaga, 2013), and plays a key role in regulation of HTLV-1 expression in 

some models of viral latency (Philip et al., 2014).

Several groups have studied the activation of expression of integrated HTLV-1 proviruses in 

latently infected CD4 T cells. These cell lines exhibit only low levels of HTLV-1 protein 

expression basally, but show marked activation of HTLV-1 protein expression upon 

treatment with various mimetics of different aspects of T cell activation. These include 
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stimulation through the T cell receptor (TCR) by anti-CD3 antibody (Lin et al., 2005; 

Swaims et al., 2010), anti-CD2 antibody (Guyot et al., 1997), lectin [phytohemagglutinin-P 

(PHA), a surrogate for TCR cross-linking], phorbol ester [phorbol 12-myristate 13-acetate 

(PMA) which activates PKC pathways downstream of TCR activation (Lin et al., 1998)], 

and anti-CD28 antibody plus prostaglandins (Dumais et al., 2003). Cellular stresses 

(including arsenic, oxidative stress, heavy metal) (Andrews et al., 1995) and direct 

chromatin remodeling agents such as histone deacetylase inhibitors (Lemasson et al., 2004; 

Lin et al., 1998; Villanueva et al., 2006) also activate the HTLV-1 LTR.

In our current study, we observed a rapid but transient induction of tax/rex mRNA and 

protein following activation of infected T cells. We further examined the mechanism of 

HTLV-1 RNA induction and identified a marked enhancement of tax/rex mRNA stability 

following PMA treatment of chronically-infected, low-level expressing CD4 T cells, but not 

in infected cells with high basal levels of HTLV-1 expression. Thus, we propose that PMA 

activation may enhance the stability of tax/rex mRNA in latent/low-level expressing HTLV-1 

infected cells, which in turn results in increased transcription from the HTLV-1 LTR, 

contributing to the exit of infected cells from latency and the induction of events ultimately 

contributing to HTLV-1 pathogenesis.

2. Materials & Methods

2.1 Plasmids

Construction of pLTR-Luc (luciferase) was described previously (Lin et al., 1998). The 

human ASL promoter (−310 to +59) was amplified by polymerase chain reaction performed 

on genomic DNA purified from Jurkat T cells using Taq DNA polymerase (Qiagen,) and the 

following primer pair: cacctcgagcgggcctgatgtcatagcctctacc (forward) and 

gtcaagcttctccgcctggccgcacg (reverse). The amplified product was ligated into the XhoI and 

HindIII sites of pGL3-Basic (Promega) to create pASL-Luc. The NcoI/BamHI fragment 

encoding the Tax gene, 3′LTR and SV40 polyadenylation site from pHTLV-tat1 (Nerenberg 

et al., 1987) was cloned in pLTR-Luc replacing the Luc gene, to create pLTR-Tax. The Tax 

gene and 3′UTR were deleted from pLTR-Tax by NcoI/BglII digestion, followed by 

treatment with Klenow enzyme and religation to create pLTR-deltaTax (pLTR-DTax). 

Restriction enzymes and DNA modifying enzymes were obtained from New England 

Biolabs.

2.2 Cell Lines and Media

Except as noted below, cell lines were grown in RPMI 1640 (Life Technologies) 

supplemented with 10% fetal bovine serum (Gemini Bio-Products), 1% Penicillin/

Streptomycin (Life Technologies), 1% L-Glutamine (Life Technologies), and 10 mM 

HEPES (Life Technologies). JPX-9 cells (Nagata et al., 1989) were supplemented with 0.6 

mg/ml G418 (Life Technologies). When indicated, JPX-9 and Jurkat cells [JE6-1 clone, 

(Weiss et al., 1984)] were treated with 5 μg/ml PHA (Sigma-Aldrich) and/or 120 μM zinc 

chloride (Sigma-Aldrich) for 24 hours. FS and SP cells (Rowe et al., 1995) were grown in 

media containing 20% FBS and 20 U/ml IL-2. Transfections were performed using 

GenePORTER (Gene Therapy Systems) according to the manufacturer’s protocol. Unless 
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otherwise indicated, each reaction contained 400ng luciferase reporter plasmid and 100 ng 

Tax (or deltaTax) plasmid. Transfected cells were treated with PHA (5 μg/ml; Sigma-

Aldrich) or PMA (50 ng/ml; Sigma-Aldrich) four hours after transfection. Cells were 

harvested 24 hours after transfection, washed in DPBS, resuspended in lysis buffer and 

assayed for luciferase activity using the manufacturer’s protocol (Promega). Protein 

concentration was determined by the BCA method (Pierce). Luciferase activity was 

normalized to the amount of recovered protein for each sample. FS, SP, MT2, MT4 and 

HUT102 cells were treated with PMA (50 ng/ml) or vorinostat (5 μM; Sigma-Aldrich) for 

the indicated times, spun, washed and resuspended in fresh media. Cells were harvested at 

the indicated time points.

For studies of the effects of downstream pathways of protein kinase C (PKC) signaling on 

HTLV-1 activation, FS cells were pre-treated with the NF-κB inhibitor, Bay 11-7082 (5μM, 

Cayman Chemical) (Pierce et al., 1997), the NFAT inhibitor, Cyclosporin A (0.5μM, 

Cayman Chemical) (McCaffrey et al., 1993), or the AP-1 inhibitor, SR 11302 (1μM, 

Cayman Chemical) (Fanjul et al., 1994) for 1 hr, followed by a 15 minute PMA treatment. 

Cells were then washed, resuspended with fresh media and cultured for 4 hours. RNA were 

prepared as described.

2.3 RT-qPCR

Total RNA was harvested (RNeasy Mini Kit; Qiagen), reverse transcribed (SuperScript; 

Invitrogen/Life Technologies) and subjected to semi-quantitative PCR using primers to ASL 

(gtggatgttcaaggcagcaaagc and gctcattggctgtgtggatgtcc), IL2Rα (gctctgccactcggaacacaacg 

and gcagacgctctcagcaggacc) and Tax (cacctgtccagagcatcaga and gggaacattggtgaggaagg). For 

quantitative PCR reactions, SYBR Green qPCR SuperMix (Invitrogen) was used with 

mRNA specific primers as listed in Supplemental file 2: Supplementary Table S1. Reactions 

were performed using an MX4000 quantitative PCR system (Agilent Technologies).

2.4 Western Blot

Cells were harvested, washed twice in 1× DPBS and extracted with RIPA Lysis Buffer 

(50mM Tris pH 7.6, 150mM NaCl, 5mM EDTA, 1% NP-40, 0.5% deoxycholate, 0.1% SDS) 

with freshly added PMSF (0.1mM) and protease inhibitor cocktail (P8340; Sigma-Aldrich,). 

Protein extracts (15μg) were subjected to SDS-PAGE and transferred to PVDF (Hybond P; 

GE Healthcare). Blots were probed with antibodies to Actin at 1:5000 dilution (A2066; 

Sigma-Aldrich), Tax at 1:1000 (Tab 172; NIH-AIDS research and reference reagent 

program, Bethesda, Maryland, NIH, (Jeang et al., 1987; Jeang et al., 1990), Env (PRH-21) at 

10 μg/ml (gift of S. Foung, (Hadlock et al., 1997)), or Rex at 1:4000 (gift of P. Green, (Ye et 

al., 2003)). To detect evidence of senescence and apoptosis by western blot assays, 

antibodies against p21 (CDKN1A) at1:500 dilution (cat # 556431; BD Pharmingen), p27 

(CDKN1B) at 1: 1000 dilution (#2552; Cell Signaling technology), PARP 0.6μg/ml (R &D 

system, MAB600), Caspase 3 at 1:1000 dilution (#9662; Cell Signaling technology), and 

Cleaved Caspase 3 (ASP175) at 1:1000 dilution (#9661; Cell Signaling technology) were 

used. Chemiluminescent detection (GE Healthcare) of signal was captured and analyzed 

with the BioRad Gel Doc using Quantity One software (Bio-Rad Laboratories).
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2.5 RNA decay

Cells were treated with stimuli as indicated, followed by PBS wash and resuspension in 

fresh media containing Actinomycin D (10 μg/ml; Sigma-Aldrich) at time zero. Total RNA 

was collected at different time points and measured by RT-qPCR as described. Data are 

shown as percentage mRNA remaining compared to time zero (set as 100%). The data were 

analyzed by nonlinear regression fit (one phase exponential decay), and mRNA half-lives 

(t1/2) were determined from first-order decay constants (k) utilizing PRISM (GraphPad 

Software, Inc) as previously described (Ysla et al., 2008). Three independent experiments 

were performed and data are presented as mean ± standard deviation. Comparisons between 

half-lives were performed with the unpaired two-tailed t test with three independent 

experiments.

2.6 Nuclear run on assay

The nuclear run-on assay was based on the incorporation of biotin-16-uridine-5′-

triphosphate (biotin-16-UTP) in nascent transcripts as described (Patrone et al., 2000), with 

minor modifications. In brief, 20×106 cells per sample were centrifuged at 216×g for 10 

minutes, washed once with cold PBS, resuspended in 10 ml Cell Lysis Buffer (20 mM Tris-

HCl, pH 7.5, 5 mM MgCl2, 20 mM NaCl, 100 mM sucrose, 0.25% NP-40) and incubated on 

ice for 5 min. Nuclei were collected by centrifugation at 216×g, and resuspended in 100 μl 

Nuclei Storage Buffer (50.0 mM Tris-HCl, pH 8.0, 5.0 mM MgCl2, 0.1 mM EDTA, 45% 

Glycerol), snap frozen in liquid N2 and stored at −80°C. For UTP incorporation reactions, 

100 μl of nuclei were incubated with 100 μl 2× NRO Reaction Buffer (300 mM KCl, 10 mM 

MgCl2, 2 mM of cold rATP, rCTP, rGTP and 1 mM Biotin-16-UTP (Roche Life Science), 

100 units RNaseOUT™ (Life Technologies) at 30°C for 30 min; then cold rUTP was added 

to a final concentration of 1 mM, incubation continued for another 15 min. The reaction was 

stopped by adding 6 μl of 250 mM CaCl2 and 100 units RNase-free DNase I (Roche), and 

incubating for 10 minutes at 37°. Total RNA was extracted as described and biotinylated 

RNA was purified using streptavidin-conjugated magnetic beads (Dynal KilobaseBINDER; 

Life Technologies). Isolated biotinylated RNA was used for RT-qPCR as described.

3. Results

3.1 Identification of arginosuccinate lyase as a housekeeping gene unresponsive to T cell 
activation or HTLV-1 Tax

In order to characterize the events leading to activation of integrated HTLV-1, we analyzed 

the induction of HTLV-1 mRNA species in chronically-infected CD4 T cells with low level 

HTLV-1 expression, following treatment with T cell activation stimuli. To normalize the 

RNA expression data, it was critical to identify a cellular “housekeeping” gene whose 

expression was Tax- and PMA-insensitive, as our past experiments had suggested that these 

stimuli have effects in T cells on the levels of commonly used housekeeping genes, such as 

actin and GAPDH (data not shown). During a study of changes in HTLV-1 gene expression 

(Ng et al., 2001), it was noted that some cellular genes showed relatively invariant 

expression in the presence of Tax. We hypothesized that one or more of those genes could 

therefore serve as a useful housekeeping control. Out of a set of 229 genes whose expression 

varied by less than 20% following the induction of Tax from the JPX-9 cell line [a Jurkat 
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CD4 T cell line with an inducible Tax gene under the control of the metallothionein 

promoter (Nagata et al., 1989)] [(Ng et al., 2001) and data not shown], we identified the 

arginosuccinate lyase (ASL) gene (Abramson et al., 1991; O’Brien et al., 1986) as a 

candidate gene whose expression was unaffected by Tax. Total RNA was harvested from the 

Jurkat cell subclone, JE6-1 and JPX-9 cells,, stimulated with zinc chloride and/or PHA and 

analyzed by semi-quantitative, reverse transcription PCR with primers for ASL, Tax or the 

interleukin 2-receptor α (IL-2Rα), a gene known to be sensitive to PHA and Tax stimulation 

(Siekevitz et al., 1987) (Supplementary file 1: Supplementary Fig. S1A). Levels of ASL 

mRNA did not change upon addition of PHA (in Jurkat cells) or zinc-induced expression of 

Tax (in JPX-9 cells, a Jurkat cell line with an inducible Tax gene under the control of the 

metallothionein promoter. We further characterized the ASL promoter (Abramson et al., 

1991) by cloning it 5′ to the luciferase gene. This vector was co-transfected into CD4 JE6-1 

Jurkat cells with either an LTR-driven Tax (pLTR-Tax) or control LTR plasmid from which 

Tax sequences had been deleted (pLTR-deltaTax). After treatment with PHA or PMA, cells 

were harvested and protein lysates assayed for luciferase activity (Supplementary file 1: 

Supplementary Fig. S1B). The ASL promoter was insensitive to co-transfection with the Tax 

expression plasmid and to treatment with PHA or PMA, whereas pLTR-Luc exhibited 

induction by Tax, PHA and PMA. These experiments support the use of ASL as a Tax, PHA 

and PMA-insensitive control gene to examine induction of HTLV-1 mRNA species in T 

cells.

3.2 Treatment of chronically infected T cells leads to a rapid induction of Tax and Rex 
mRNA and protein

In order to study the kinetics of induction of HTLV-1 RNAs in chronically infected, low 

level-expressing cells following T cell activation stimuli, we used two chronically infected T 

cell lines shown to have low, but inducible levels of HTLV-1 gene expression. FS cells are 

CD4 T cells which contain one full-length integrated HTLV-1 provirus, as well as several 

deleted proviruses [(Dezzutti et al., 1993) and H.C. Lin, unpublished observations], and 

which we have previously shown to increase Tax protein levels in response to various T cell 

activation stimuli (Lin et al., 1998; Lin et al., 2005). SP cells are dual CD4, CD8 T cells that 

contain a single integrated HTLV-1 provirus (Rowe et al., 1995). Using reverse transcription 

-quantitative PCR (RT-qPCR), we analyzed the relative levels of various HTLV-1 mRNA 

species at multiple time points following one hour of PMA induction. Our previous studies 

had shown that the effects of PMA on HTLV-1 expression were similar to those induced by 

crosslinking of the T cell receptor using anti-CD3 antibody (Lin et al., 2005), and LTR 

activation induced by PMA was downstream of TCR signaling. Thus, for studies in these 

cell lines, we used PMA treatment as a surrogate for TCR activation of the HTLV-1 LTR. 

The primers used for these studies are shown in Supplementary file 1: Supplementary Fig. 

S2 and Supplementary file 2: Supplementary Table S1. Cycle threshold (Ct) values for each 

mRNA species were normalized to those of ASL and the calculated difference was 

normalized to the data from the zero hour time point.

We first analyzed the kinetics of induction of HTLV-1 mRNA species in PMA-treated FS 

cells (Fig. 1A and Supplementary file 1: Supplementary Fig. S3). FS cells showed a rapid 

induction of the tax/rex message, by almost 7-fold even at 1 hour after the removal of PMA 
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and resuspension in fresh media, the earliest time point examined, peaking between 4 to 8 

hours with an increase of approximately 50-fold, and then markedly decreasing by 24 hours. 

The increase in tax/rex mRNA preceded the more delayed induction of unspliced (full-

length RNA detected by gag/pol primers) and singly-spliced env messages. Although p30 
mRNA is also multiply spliced, interestingly, its induction more closely resembled that of 

the unspliced and singly spliced full-length and env mRNAs, peaking 8 hours after 

induction, with increases of ~12–17-fold in FS cells. Only very low levels of HBZ mRNA 

(spliced form) were detected basally and exhibited a very small (< 2fold) increase upon 

PMA treatment. The consistency of these results was validated in three separate experiments 

(Supplementary file 1: Supplementary Fig. S3, showing results for each HTLV-1 gene 

separately). We also analyzed the induction of HTLV-1 RNAs following PMA induction of 

SP cells (Fig. 1B), which showed an overall similar pattern of HTLV-1 RNA expression as 

FS cells. Doubly spliced tax/rex message was strongly induced by 4 hours, and rapidly 

declined by 8 hours. Tax/rex mRNA also increased prior to that of the singly spliced env or 

of unspliced full-length mRNA. In SP cells, the induction of p30 mRNA was more 

pronounced ~40-fold), however, like FS cells, HBZ RNA levels were extremely low and 

essentially unchanged by PMA.

Based on the critical roles of the HTLV-1 Tax and Rex proteins in the HTLV-1 life cycle, and 

the role of Rex as a temporal regulator that separates an early regulatory phase of the viral 

life cycle from the later production of viral structural proteins and enzymes (Cavallari et al., 

2013; Hidaka et al., 1988), we performed western blots on protein extracts following PMA 

induction of FS and SP cells (Fig. 1C, 1D, and Supplementary file 1: Supplementary Fig. 

S4, showing quantitation of SP cell results). Overall, the levels of expression of different 

HTLV-1 proteins correlated with those of the corresponding mRNAs determined by RT-

qPCR analysis. Increases in Rex protein were readily apparent by 4 hours, preceding 

increased levels of Env. SP cells showed an early increase in Tax, which was less prominent 

in FS cells. Tax protein levels fell from their peak over 24–48 hours in both FS and SP cells, 

although the decrease was more pronounced in SP cells. Taken together, these data support a 

model in which PKC activation rapidly induces tax/rex mRNA and protein expression in 

HTLV-1 chronically infected cells, followed by increases in other viral mRNA and protein 

species. Furthermore, Tax induction is rapidly attenuated.

3.3 Induction of HTLV-1 RNA expression in chronically infected T cells is associated with 
increased transcription and stabilization of tax/rex mRNA

The induction of increased levels of HTLV-1 mRNAs could result from several factors, 

including new RNA transcription and increased RNA stability. Therefore, we analyzed the 

contributions of these two processes to the increased levels of HTLV-1 RNAs in FS cells. In 

order to assess the contributions of new HTLV-1 RNA transcription to the induction of 

HTLV-1 gene expression, we measured newly transcribed mRNA using the nuclear run-on 

assay (Fig. 2). As shown previously in Fig. 1, PMA treatment led to a rapid increase in 

tax/rex mRNA (Fig. 2A). In order to study new transcription, FS cells were treated with 

PMA for 15 minutes or 5 hours, and nuclei were isolated. RNA produced by isolated nuclei 

was metabolically labeled with biotin-UTP and purified. The labeled, newly synthesized 

RNA was bound to streptavidin beads and RT-qPCR was used to quantitate levels of biotin-
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labeled RNA. As shown in Figure 2B, PMA treatment led to an approximately 2-fold 

increase in transcription of full length HTLV-1 RNA after 15 minutes, increasing to over 12-

fold after 5 hours. Thus, at early time points, PMA has a modest effect on new HTLV-1 

transcription that is amplified to much higher levels over time. As a control, we also 

investigated the effects of treatment with the histone deacetylase (HDAC) inhibitor, 

vorinostat, based on previous observations that HDAC inhibitors induced HTLV-1 

transcription (Lin et al., 1998; Lu et al., 2004; Villanueva et al., 2006). Vorinostat treatment 

led to a slow increase in tax/rex mRNA over a 24 hour period (Fig. 2C). Vorinostat also led 

to increased HTLV-1 transcription (Fig. 2D), although to a lower level with slower kinetics 

than PMA (reaching 2-fold induction by 5 hours and 6-fold induction by 9 hours).

T cell activation signaling and phorbol ester signaling have been shown to increase the 

stability of certain cellular mRNAs in T cells, thereby increasing their steady state levels 

(Chen et al., 1998; Ford et al., 1999; Lindstein et al., 1989; Powell et al., 1998; Zhu et al., 

2010). Furthermore, the sharp decrease in tax/rex mRNA levels following the initial 

induction that we observed in Fig. 1 was striking, suggesting that degradation of tax/rex 
mRNA may play an important role in regulating tax/rex mRNA levels in these cells. 

Therefore, we were interested in whether PMA might have an effect on HTLV-1 mRNA 

stability (Fig. 3A). FS cells were treated with PMA for 15 minutes, washed, resuspended in 

fresh media and Actinomycin D (Act D) was added (time zero) to inhibit new transcription. 

RNAs were collected at different time points, and analyzed by RT-qPCR for the levels of 

gag/pol, tax/rex and env sequences. The percentage of RNA remaining at each time point 

compared to time zero was calculated for three independent experiments, and the average 

and standard deviations for each time point are shown in Fig. 3A. Compared to the untreated 

control, PMA treatment significantly increased the estimated half-life (t1/2) of tax/rex 
mRNA from 4.1±1.3 hr to 20.3 ± 4.2 hr (P = .02) concomitant with the major increase in 

total tax/rex mRNA (Fig. 1, 2A). Enhanced stability was only observed for tax/rex mRNA. 

The half-life of the singly-spliced env HTLV-1 messages remained essentially unchanged by 

PMA treatment when compared with the untreated control. Interestingly, PMA treatment 

appeared to have a small effect in destabilizing unspliced genomic and gag/pol RNAs, but 

this effect did not reach statistical significance (control t1/2: 3.2± 0.5; PMA-treated 

t1/2:1.9±0.1; P=.07). As expected, the HDAC inhibitor, vorinostat had no effect on tax 

mRNA stability (Fig. 3B), consistent with its known effects on transcription through 

chromatin modulation.

To determine if enhanced tax/rex mRNA stability upon PMA treatment is also observed in 

other HTLV-1 infected T cells, we compared tax/rex RNA stability between FS cells, SP 

cells (a second inducible cell line), and the HTLV-1 constitutively expressing, HUT102 cells. 

Similar to FS cells (Fig. 4A), PMA treatment also increased the stability of the tax/rex 
mRNA in SP cells (Fig. 4B), increasing the estimated t1/2 from approximately 4.5±1.3 hours 

to >24 hours (P=.0001). We also examined tax/rex mRNA stability in HUT102 cells (Fig. 

4C), an HTLV-1-infected CD4 T cell line which constitutively expresses high levels of Tax 

protein (Bunn and Foss, 1996). PMA treatment had little effect on steady state levels of 

tax/rex mRNA in HUT102 cells (less than 1.2-fold induction, data not shown). The untreated 

tax/rex mRNA half-life in HUT102 cells was considerably longer (estimated t1/2 = 6 hrs) 

than that seen in the inducible FS and SP cells, and was unchanged by PMA treatment. To 
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confirm the generality of these results for HTLV-1-constitutively expressing cell lines, we 

also examined the basal and PMA-treated t1/2 of tax/rex mRNA in two additional 

constitutive HTLV-1 producing cell lines; MT2 and MT4 cells (Miyoshi et al., 1981). As 

shown in Supplementary File 1, Supplementary Fig. S5, both of these cell lines had basal 

tax/rex mRNA half-lives longer than that observed for FS or SP cells (MT4=16.4±4.4 hrs.; 

MT2=8.4±2.9 hrs.). PMA treatment of these HTLV-1-expressing cell lines resulted in 

insignificant changes in tax/rex mRNA half-lives (MT4=18.2±3.3 hrs., P=.75; MT2=8.6±3.6 

hrs., P=.96). Thus, MT2, MT4 and HUT102 cells constitutively expressing high levels of 

HTLV-1 RNA had a longer basal mRNA half-life that was not significantly affected by PMA 

treatment. In contrast, PMA-mediated induction of tax/rex mRNA levels in low-level 

expressing/latently infected cells. was associated with a marked increase in RNA stability.

The relatively lower levels of tax/rex mRNA observed after the initial early peak following 

PMA treatment of FS cells prompted us to examine the effects of PMA on HTLV-1 

transcription and tax/rex mRNA stability at a later time point following treatment. (Fig. 5). 

For these studies, FS cells were treated with PMA for 15 minutes, washed, resuspended and 

then harvested at 16 hours after treatment for analysis of tax/rex RNA levels, new gag/pol 
transcription (by nuclear run-on assay), and tax/rex mRNA stability. In this experiment, at 

the 16 hr. time point, tax/rex total mRNA levels were elevated approximately 25 fold 

compared to untreated cells (Fig. 5A). New transcription of full-length (gag/pol-containing) 

RNA was also elevated compared to untreated cells (approximately 14 fold, Fig. 5B) 

consistent with the effects of the Tax positive feedback loop transactivating expression of 

other HTLV-1 RNAs. In contrast, tax/rex mRNA stability in PMA-treated cells was 

decreased compared with early times after treatment (Fig. 5C), and was no longer 

statistically different from that of untreated control cells (PMA treated=7.6±3.1 hrs., 

untreated=5.0±0.9 hrs.; P=0.47). Thus, although the PMA-induced increase in tax/rex 
mRNA half-life was transient, there was a sustained increase in HTLV-1 transcription, likely 

due to the continued effects of the Tax protein on the HTLV-1 LTR.

To further understand the basis of these changes in HTLV-1 RNA and protein levels, it was 

important to know if PMA treatment induced changes in cell proliferation and viability. A 

15 minute PMA treatment resulted in a significant decrease in the number of viable FS cells 

at 24 hours as compared with untreated cells (PMA treated: 1 × 105 cells/ml; untreated: 5 × 

105 cells/ml). This reduced cell number is in part due to the induction of a senescent 

phenotype in PMA-treated cells population (Supplementary File 1, Supplementary Fig. S6). 

Western blots showed that PMA treatment, with the resultant increased expression of Tax, 

induced increased expression of p21 (CDKN1A) and p27 (CDKN1B), classic markers of 

senescence, previously shown to be induced by HTLV-1 Tax (Zhang et al., 2009; Zhi et al., 

2011). FS cells showed a low, constitutive level of PARP cleavage, unchanged by PMA 

treatment, and no evidence of caspase 3 cleavage, basally or following PMA treatment. 

Thus, PMA treatment and the resultant Tax protein expression resulted in expression of 

senescent markers, but no evidence of apoptosis was observed.

As PKC activation leads to activation of a number of key downstream signaling pathways in 

T cells, including NF-κB, NFAT, and AP-1 [reviewed in (Isakov and Altman, 2002)], we 

were interested in whether inhibition of these would, in turn, block PMA-induced HTLV-1 
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gene expression. Pretreatment of FS cells with small molecule inhibitors of the NF-κB, 

NFAT, and AP-1 pathways did not reduce the PMA-induced increase in tax/rex mRNA 

(Supplementary File S1, Supplementary Fig. S7). Thus, these critical cellular signaling 

pathways are not likely to play a role in the PMA-induced, stabilization of tax/rex mRNA.

4. Discussion

Our studies have focused on understanding the mechanisms through which signaling in CD4 

T cells can induce expression of the HTLV-1 Tax protein in latently infected cells. We have 

previously shown that signals induced by TCR activation can induce HTLV-1 gene 

expression (Lin et al., 1998; Lin et al., 2005) providing a possible mechanism for induction 

of HTLV-1 gene expression in chronically infected cells in vivo. In the current studies, we 

have observed that PMA, a T cell signaling mimetic acting through PKC activation, can 

increase the stability of the HTLV-1 tax/rex mRNA. In the context of a latently infected cell, 

we hypothesize that TCR activation will induce PKC activation, which leads to specific 

stabilization of the viral tax/rex mRNA (Fig. 6). Increased tax/rex mRNA would then 

mediate increased production of these two viral “early” proteins. Increased Tax would lead 

to a positive feedback loop through effects on the HTLV-1 LTR, resulting in markedly 

enhanced de novo transcription of HTLV-1 mRNAs (as seen in our nuclear run-on 

experiments). Furthermore, increased Tax could also induce the large numbers of cellular 

genes that are targets of Tax-activated transcription, such as NF-κB targets and many others 

with multiple potential effects on infected cell biology. Increases in Rex would result in the 

transition from “early” to “late” HTLV-1 gene expression, and production of viral structural 

and enzymatic proteins (Cavallari et al., 2013; Hidaka et al., 1988; Li et al., 2009), as well as 

potentially of more Tax and Rex themselves (Bai et al., 2012). Induction of HTLV-1 gene 

expression could in turn lead to diverse biological outcomes for the infected cell as 

described above, which could either facilitate immune clearance of infected cells or enhance 

the ability of the cell to survive and proliferate.

Based on analogy with other retroviruses, such as HIV, we initially assumed that the 

induction of tax/tex mRNA by T cell activation-related stimuli was due to transcriptional 

activation. Surprisingly, our nuclear run-on experiments demonstrated only a relatively 

modest degree of de novo transcription induced by phorbol ester treatment compared to a 

robust increase in RNA levels. A striking feature of the HTLV-1 RNA induction studies was 

the dramatic decrease in tax/rex mRNA levels over time following the initial stimulation. 

Together, these results suggested that T cell activation-related stimuli, such as PKC 

activation, might be exerting their predominant effect through regulation of HTLV-1 RNA 

stability. In fact, a central observation of our studies was a marked increase in the half-life of 

the HTLV-1 tax/rex mRNA, which was not seen for envelope or full-length RNAs.

At this time, we do not yet understand the mechanisms responsible for increased tax/rex 
RNA stability or for the specificity of this effect. It will be important to determine the RNA 

nucleotide sequences that are critical for increased tax/rex mRNA stability. With the 

exception of discontinuous sequence juxtapositions at splice sites, all of the nucleotide 

sequences in the tax/rex mRNA are present in full-length and env mRNAs. Thus, either the 

specific unique splice junction sequences or unique secondary structure elements in the 
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tax/rex mRNAs are likely responsible for the specific stabilization of this message. An RNA 

element recently shown to be required for Rex dependent mRNA stability is not likely to 

play a role in the stabilization of the tax/rex mRNA, as it maps to an intronic region not 

present in this message (Cavallari et al., 2016).

Relatively little is know about the roles of RNA stability in the general regulation of viral 

latency and reactivation. RNA stability was reported to be important for activation of latent 

HIV (Micheva-Viteva et al., 2011), however cis-acting RNA stability-regulating sequences 

were identified in gag-pol, but not in tat mRNA (Schwartz et al., 1992). More recently, viral 

RNA stability as a key mediator of latency and reactivation was also described for the 

Kaposi’s associated herpesvirus (KSHV). The KSHV noncoding polyadenylated nuclear 

RNA (PAN) accumulates to very high levels during the activation of the lytic cycle out of 

latency, due to both transcriptional induction and increased PAN RNA stability (Conrad, 

2016).

The molecular mechanisms responsible for both the relative instability of tax/rex RNA in 

unstimulated SP or FS cells, and its markedly increased stability following stimulation of 

these cells, as well in unstimulated, constitutively expressing cells (HUT102, MT2 and 

MT4) are also not known. Increased RNA stability is an important mechanism for the 

control of gene expression in the immune system and during the process of normal T cell 

activation (Chen et al., 1998; Khabar, 2007; Lindstein et al., 1989; Miller et al., 2009; Turner 

and Hodson, 2012; Wu and Brewer, 2012). It is likely that HTLV-1 has adapted these normal 

T cell mechanisms for control of its gene expression, and constitutive mRNA stability in 

HTLV-1-expressing cells could reflect a more activated T cell phenotype as compared with 

FS and SP cells. Likely candidate mechanisms would include cellular pathways regulating 

RNA stability through AU-rich, GU-rich, CA-rich or CU-rich sequences in the 3′ 
untranslated RNA sequences, all of which have been implicated in activation-associated 

stabilization of cytokine- and T cell activation marker RNAs. In particular, AU-binding 

proteins play an important role in stabilizing RNAs following T cell activation (Raghavan et 

al., 2004; Raghavan et al., 2001), and PKC activation has been associated with 

phosphorylation of AUF1 isoforms and mRNA stabilization (White et al., 2013). PKC 

activation, as induced by PMA, is known to induce the stabilization of cellular mRNAs 

containing AU-rich elements bound by AUF1 and other AU-binding proteins. Phorbol ester 

treatment with resultant PKC activation is associated with increased mRNA stability of a 

number of cellular genes. For example, phorbol ester treatment of monocytic cells induced 

rapid stabilization of ARE-containing cytokine mRNAs through changes in phosphorylation 

of AUF1, changes in binding of the AUF1 complex to these mRNAs and remodeling of 

RNA structure (Wilson et al., 2003a; Wilson et al., 2003b). PKC activation has also been 

associated with phosphorylation and altered function of other proteins regulating mRNA 

stability, such as HuR, and modulation of PKC-regulated mRNA stability has been 

suggested as a therapeutic target for a number of malignant and degenerative diseases 

(Eberhardt et al., 2007).

Another potential mechanism regulating the stability of tax/rex mRNA is nonsense-mediated 

decay (NMD), a process which poses a serious handicap for viruses such as HTLV-1, with 

multiple overlapping reading frames and premature termination codons. NMD is inhibited in 
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HTLV-1 constitutively-expressing cell lines, including HUT102, and tax/rex as well as full-

length and env transcripts were found to be sensitive to NMD (Mocquet et al., 2012; Nakano 

et al., 2013). Both HTLV-1 Tax (Mocquet et al., 2012) and Rex (Nakano et al., 2013) have 

been shown to inhibit NMD, thus, in our system there exists the potential for a positive 

feedback loop in which expression of small amounts of Tax and Rex proteins may inhibit 

NMD. The cellular microRNA (miRNA) machinery has also emerged as a critical modulator 

of the stability of endogenous cellular mRNAs [reviewed in (Jonas and Izaurralde, 2015; Wu 

and Brewer, 2012)]. Previous reports have suggested that the HTLV-1 tax/rex mRNA maybe 

the target of cellular miRNAs (Hakim et al., 2008; Ruggero et al., 2010), which could lead to 

instability of this message. On the other hand, both Tax and Rex have been shown to 

interfere with the cellular microRNA machinery (Ruggero et al., 2010; Van Duyne et al., 

2012), again suggesting potential positive feedback loops that would enhance tax/rex mRNA 

stability.

HTLV-1 has devoted considerable effort to regulating the stability and processing of its RNA 

transcripts. The Rex protein has well-known roles in enhancing the nuclear export of 

unspliced and singly spliced RNAs thus ensuring their stability and availability for 

translation (reviewed in (Baydoun et al., 2008; Nakano and Watanabe, 2012)). In contrast, 

the p30 gene (encoded by a multiply spliced RNA from the X region), has both 

transcriptional and post-transcriptional effects, including retention of the tax/rex mRNA in 

the nucleus through inhibition of export (Anupam et al., 2013; Younis et al., 2006). This 

latter activity has been proposed to have an important role in maintaining viral latency 

(Baydoun et al., 2008). In our experiments the levels of p30 RNA were very low at baseline, 

and then markedly increased following activation of latently infected cells (Fig 1). Thus, p30 

is not likely to be a determinant of the maintenance of FS and SP cell latency.

The marked reduction of the HTLV-1 tax/rex mRNA after the initial dramatic and transient 

increase following PMA treatment is particularly interesting. While some of this effect may 

be accounted for by more general cellular effects of PMA (including the induction of 

senescence, and likely a significant degree of non-apoptotic cell death (Supplementary File 

1, Supplementary Fig. S6), these more general effects are unlikely to explain the loss of 

tax/rex mRNA. Other HTLV-1 RNAs, such as intronic gag/pol, p30, and env, did not show 

this dramatic loss, and furthermore, RNA levels were normalized to the constitutive cellular 

gene ASL, again suggesting some specificity in the decrease of tax/rex mRNA. The 

functional effects of Rex in inhibiting splicing through rapid nuclear export of Rex response 

element (RRE)-containing RNAs (Nakano and Watanabe, 2012) may be a strong contributor 

to the loss of tax/rex mRNA. In this model, as increasing amounts of Rex are available to 

bind to the HTLV-1 RNA RRE, the complete splicing of HTLV-1 RNA required to generate 

tax/rex mRNA would be reduced leading to the observed loss in abundance of this message 

following its initial induction.

Although HBZ has been suggested to be an important regulator of HTLV-1 latency (Clerc et 

al., 2008; Gaudray et al., 2002; Lemasson et al., 2007; Philip et al., 2014), only very low 

levels of HBZ RNA were detected basally and exhibited a very small (< 2-fold) increase 

upon PMA treatment, suggesting that HBZ expression is not a major contributor to either 
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maintenance of HTLV-1 latency or induction of expression in these chronically-infected 

cells.

What role might immune activation-induced HTLV-1 expression play in HTLV-1 biology 

and pathogenesis? HTLV-1 latency in vivo represents a way for virally-infected cells to 

escape potent anti-HTLV-1 CTL responses and persist in the infected individual. However, 

expression of viral gene products does play a key role in the pathogenesis of HTLV-1-

induced diseases. Thus, mechanisms that lead to activation of viral gene expression are 

critically important. These studies coupled with our previous work (Lin et al., 1998; Lin et 

al., 2005) suggest a model whereby TCR-mediated activation (potentially either through 

cognate antigen or superantigen) of infected CD4 T cells leads to induced tax/rex mRNA 

stability with generation of increased Tax and Rex proteins. We have hypothesized that 

specific TCR activation of infected cells may promote viral gene expression and clonal 

expansion of these subsets of infected cells (Lin et al., 1998; Lin et al., 2005). Bangham and 

colleagues have presented a considerable evidence that the site and direction of HTLV-1 

integration is important in determining HTLV-1 biology (Cook et al., 2014; Gillet et al., 

2011; Melamed et al., 2013; Niederer et al., 2014). Importantly, this does not conflict with 

our model, which focuses on post-transcriptional regulation of HTLV-1 RNA stability. T cell 

activation would result in stabilization of tax/rex mRNAs expressed due to any of multiple 

mechanisms.

Although the functional importance of latent HTLV-1 infection remains unclear, the 

induction of HTLV-1 gene products, particularly Tax, from latently (or low level-expressing) 

HTLV-1 infected cells may alter the biology of these cells leading to alternative outcomes 

ranging from apoptosis, senescence, or death due to cytotoxic T cells, to cellular 

proliferation and transformation. In other retroviral infections, such as HIV infection, 

activation of viral gene expression from the pool of latently infected cells is an important 

contributor to the long-term biology of infection and the inability to “cure” patients (Archin 

et al., 2014; Blankson et al., 2014). Thus, better understandings of the mechanisms that 

regulate the expression of HTLV-1 genes in chronically- or latently- infected cells may 

provide important clues to both pathogenesis and to therapy.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Induction of HTLV-1 expression from latently-infected CD4 T cells by 

phorbol ester stimulation leads to a rapid, transient increase in tax/rex mRNA 

levels.

• Increased tax/rex mRNA in latently infected T cells is due to increased tax/rex 
mRNA stability following T cell stimulation.

• Increased tax/rex mRNA leads to increased Tax and Rex protein expression 

with resulting feedback induction of the RNAs encoding HTLV-1 structural 

and enzymatic proteins.

• These results demonstrate a new mechanism for activation of latent HTLV-1 

from infected T cells, potentially contributing to the pathogenesis of HTLV-1-

associated diseases.

Lin et al. Page 21

Virology. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Kinetics of HTLV-1 gene expression in latently infected cell lines following PMA 
treatment
(A & B) Time course of individual HTLV-1 RNA transcripts for PMA-treated (solid lines) or 

untreated (dashed lines) FS cells (A) and SP cells (B), measured by quantitative reverse 

transcription-PCR (RT-qPCR) using splice site-specific primers (Supplementary file 2: 

Supplementary Table S1). Blue diamonds, tax/rex mRNA; Red squares, gag/pol (unspliced) 

mRNA; green triangles, env mRNA; purple diamonds, p30 mRNA; and yellow diamonds, 

HBZ mRNA (spliced form). Data are normalized to Ct values for ASL mRNA, and divided 

by the value obtained for the zero time point. Cells were treated with PMA for one hour, 

washed and resuspended in fresh media, and harvested for RNA and protein isolation at 

indicated time points. Stimulation of latently infected cell lines induces a rapid, but transient, 

increase in tax/rex mRNA that precedes other HTLV-1 mRNA species. (C & D) Western 

blots for protein extracts of PMA-treated and untreated FS cells (C) and SP cells (D). 

Overall, induction of HTLV-1 protein levels resembles that of mRNA induction.
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Figure 2. PMA and vorinostat increase tax/rex mRNA and induce new HTLV-1 transcription
(A & C) RT-qPCR analysis of tax/rex mRNA levels from untreated (blue) or stimuli treated 

(red) FS cells. FS cells were incubated with PMA (A) or vorinostat (C) over the times 

indicated, prior to harvest for RNA analysis. Data are normalized to Ct values for ASL and 

divided by the value obtained for the zero time point. Arrows indicate time points of harvest 

for nuclear run-on assays. (B & D) Nuclear run-on assay for measuring newly transcribed 

mRNA. Nuclei were isolated at the indicated times [15 minute and 5 hours of PMA 

treatment (B), 5 hours and 9 hours of vorinostat treatment (D)], and incubated with 

biotinylated uridine, and biotinylated transcripts were isolated. Transcripts corresponding to 

full length HTLV-1 and ASL were detected by RT-qPCR, and the data normalized to ASL. 

Results represent the fold change over the value obtained for time zero. Average fold change 

with standard deviation (error bars) from triplicate inductions are shown.
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Figure 3. PMA increases tax/rex mRNA stability in FS cells
(A) RNA decay assay for RNA stability of different HTLV-1 transcripts upon PMA 

treatment. FS cells were treated with PMA for 15 min, washed, and followed by Act D 

treatment for 4 hours. RNAs were collected at the time indicated, and measured by RT-qPCR 

with specific primers for tax/rex, env, and gag/pol (full-length genome). Data are normalized 

to ASL, and presented as percentage mRNA remaining compared with time zero. Data 

shown are average of triplicates with standard deviation (error bars). PMA increases tax/rex 
mRNA stability, but does not change the stability of env or gag/pol mRNAs. (B) RNA decay 

assay for RNA stability of tax/rex mRNA upon vorinostat treatment. FS cells were treated 

with vorinostat for 4 hours, washed, and followed by Act D treatment for 4 hours. RNAs 

were collected at the times indicated, and analyzed as described in (A). Vorinostat does not 

change the stability of HTLV-1 tax/rex mRNA.
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Figure 4. PMA increases tax/rex RNA stability in inducible HTLV-1 T Cell Lines
HTLV-1 infected FS (A), SP (B) and HUT102 (C) cells were treated with PMA for 30 min, 

washed, then treated with Act D, and RNA decay assays were performed. Tax/rex mRNAs 

were measured with splice site-specific primers (closed circle: untreated, open circle: PMA 

treated). Similar to results observed in FS cells, PMA also increased the tax/rex RNA 

stability in SP cells. In contrast, in HUT102 cells, which constitutively express high levels of 

Tax protein, PMA fails to change the RNA degradation rate.
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Figure 5. Late effects of PMA on tax/rex mRNA stability and new HTLV-1 transcription
FS cells were treated with PMA for 15 min, washed, and re-cultured with fresh media. At 16 

hours after resuspension, cells were either harvested for total RNA (A), Nuclear run on assay 

(B) or treated with Act D for RNA decay assay (C). (A) RT-qPCR analysis of tax/rex mRNA 

levels. Data are normalized to Ct values for ASL and divided by the value obtained for the 

zero time point. Average fold change with standard deviation (error bars) from triplicate 

inductions are shown. (B) Nuclear run-on assay for measuring newly transcribed mRNA. 

Nuclei were isolated, and incubated with biotinylated uridine and biotinylated transcripts 

were isolated. Transcripts corresponding to full length HTLV-1 and ASL were detected by 

RT-qPCR, and the data normalized to ASL. Results represent the fold change over the value 

obtained for control treatment. Average fold change with standard deviation (error bars) 

from triplicate inductions are shown. (C) RNA decay assay for RNA stability. RNAs were 

collected at the times after Act D treatment, as indicated, and measured by RT-qPCR with 

specific primers for tax/rex mRNA. Data are normalized to ASL, and presented as 

percentage mRNA remaining compared with time zero (closed circle: untreated, open circle: 

PMA treated). Data shown are average of triplicates with standard deviations (error bars).
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Figure 6. Model of PMA induction of HTLV-1 gene expression in inducible HTLV-1 T cell lines
In this model, PMA treatment (as a surrogate for T cell activation signals) results in 

increased tax/rex mRNA stability with resultant increases in translation of Tax and Rex 

proteins. Increased Tax in turn feeds back to the LTR increasing de novo HTLV-1 

transcription, while Rex increases the nuclear-cytoplasmic transport of unspliced and singly 

spliced HTLV-1 RNAs.
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